Objectives: FOX-type enzymes are a lineage of AmpC-type b-lactamases from Aeromonas spp. whose genes have been mobilized to plasmids spreading among Enterobacteriaceae, where they can be responsible for resistance to extended-spectrum cephalosporins and b-lactamase inhibitor combinations. Little is known about the genetic context and plasmid vehicles of bla FOX determinants. Here, we have characterized a plasmid encoding the FOX-7 b-lactamase, which was involved in a large outbreak caused by two Klebsiella pneumoniae clones in a neonatal intensive care unit.
Introduction
FOX-type enzymes are a lineage of AmpC-type b-lactamases (CBLs) resident in some Aeromonas spp., whose genes have been mobilized to plasmids spreading among Enterobacteriaceae. 1, 2 To date, nine variants of FOX-type enzymes, sharing 95%-99% amino acid identity, have been reported in clinical isolates of Klebsiella pneumoniae, Escherichia coli and Klebsiella oxytoca (http://www. lahey.org/Studies). Similar to other CBLs, FOX-type enzymes can confer resistance to penicillins and cephalosporins, including the extended-spectrum cephalosporins and cephamycins, and are poorly inhibited by conventional b-lactamase inhibitors. 2 Genes encoding FOX-type enzymes are generally disseminated among Enterobacteriaceae by conjugative plasmids, 1 but little is known about the nature of these plasmids and of the genetic context of plasmid-mediated bla FOX determinants.
We recently described a large outbreak, in a neonatal intensive care unit (NICU), caused by two clones of K. pneumoniae resistant to extended-spectrum cephalosporins (ESCR) and producing the FOX-7 b-lactamase. 3 Here, we have characterized the plasmid encoding FOX-7 that was involved in that outbreak and represents the first completely characterized plasmid carrying a mobilized bla FOX -type CBL gene. 
Materials and methods

Plasmid transfer and analysis experiments
Conjugal transfer was assayed on Mueller -Hinton (MH) agar plates (Oxoid, Basingstoke, UK) (initial donor/recipient ratio of 0.1, incubated at 308C for 14 h) using E. coli MKD-135 (argH, rpoB18, rpoB19, recA, rpsL) or E. coli 1R716 (lac, his, pro, trp, Str R ) as recipients. Transconjugants were selected on MH agar containing cefoxitin (10 mg/L) plus either rifampicin (250 mg/L) or streptomycin (500 mg/L). Plasmids were extracted using the Qiagen Large Construct Kit (Qiagen, Germany). PCR for detection of the bla FOX-7 gene in transconjugants was carried out using the primers FOX-F and FOX-R as described previously.
3 PCR-based replicon typing (PBRT) was carried out as described previously. 4, 5 Plasmid sequence analysis and PCR mapping experiments Next-generation sequencing of plasmid pFOX-7a was carried out using an Illumina MiSeq platform (Illumina Inc., San Diego, CA, USA) at an external facility (IGA Technology Services, Udine, Italy). A draft sequence was assembled using the ABySS de novo assembler 6 and gaps were filled by a PCR-based strategy and Sanger sequencing. The nucleotide sequence was annotated using the RAST tool 7 and manually revised. Sequence comparisons were performed using the BLASTn and BLASTp algorithms (http:// blast.ncbi.nlm.nih.gov/). Physical maps were generated using Easyfig software. 8 The nucleotide sequence of plasmid pFOX-7a has been submitted to the GenBank/EMBL database under accession number HG934082.
PCR mapping of the FOX-7-encoding plasmids was performed using primer pairs targeting the repA, traU and parA genes of the IncL/M backbone, as described previously, 9 and unique regions of pFOX-7a (Table S1 , available as Supplementary data at JAC Online).
Mercury susceptibility testing
Susceptibility to mercury ions was tested in triplicate by an agar dilution method as described previously, 10 using MH agar containing 2-fold serial dilutions of HgCl 2 and an inoculum of 5×10 5 cfu per spot. The results were recorded after incubation for 24 h at 378C.
Results and discussion
Preliminary characterization of the FOX-7-encoding plasmids from outbreak and sporadic strains detected in the NICU FOX-7 is a CBL of the FOX lineage that has been involved in a large NICU outbreak caused by two ESCR K. pneumoniae clones of ST26 and ST14, respectively. 3 This enzyme had originally been detected in sporadic isolates of ESCR Enterobacteriaceae previously isolated from the same NICU. 3 Conjugation experiments were carried out with four FOX-7-positive strains, including K. pneumoniae KP-45A02 and KP-45A03 (selected as representatives of the ST26 and ST14 strains that caused the outbreak, respectively), Pantoea agglomerans PA-44D44 (a sporadic isolate from an inpatient detected in the same NICU during the outbreak) and K. oxytoca KO-FOX-03 (a sporadic isolate from an inpatient detected in the same NICU in 2003). In all cases, bla FOX-7 was transferred to E. coli MKD-135, although with variable frequencies (range 7.5×10 22 -2.5×10 25 transconjugants per recipient). This variability was likely related to the different nature of donor cells, since a more consistent transfer frequency of bla FOX-7 (range 4 -7×10 22 transconjugants per recipient) was observed in conjugation experiments between the E. coli MKD-135 transconjugants obtained from each donor and another E. coli recipient (strain 1R716).
Restriction analysis of plasmids extracted from the transconjugants revealed, in all cases, a 90 kb plasmid with apparently identical restriction profiles ( Figure S1 , available as Supplementary data at JAC Online). The plasmids from the transconjugants were not typeable by conventional PBRT. 4, 5 Altogether, these results suggested that a single conjugative plasmid was responsible for the dissemination and persistence of the bla FOX-7 determinant in the NICU setting.
Structure of the pFOX-7a plasmid
The sequence of the plasmid extracted from one of the E. coli transconjugants obtained from mating with K. pneumoniae KP-45A02, named pFOX-7a, was determined and revealed a 90 439 bp molecule with an average G + C content of 53.4%. Comparison with available sequences revealed an IncL/M-type backbone and two separate resistance modules harbouring bla FOX-7 and other resistance genes ( Figure 1a) .
Overall, the pFOX-7a backbone was closely related to that of IncL/M plasmids carrying other b-lactamase determinants and exhibited the highest similarity with that of pNE1280, 11 encoding the KPC-4 carbapenemase and detected in the USA (Figure 1a and  Table S2 , available as Supplementary data at JAC Online). Interestingly, the excA locus, which determines the incompatibility behaviour of these plasmids together with traY, 12 was highly conserved among most IncL/M plasmids, including pFOX-7a, but completely divergent in pOXA-48a, a widespread epidemic plasmid encoding the OXA-48 carbapenemase (Table S2) . 13 Therefore, these two different sublineages of IncL/M plasmids are likely to be compatible with each other, as they belong to different exclusion groups.
The two resistance modules of pFOX-7a included a Tn3-like transposon carrying the bla TEM-1a b-lactamase gene and a large Tn1696 derivative, named Tn6234, carrying the bla FOX-7 b-lactamase gene and other resistance determinants (Figure 1a) .
The Tn3-like transposon (4953 bp) was 99.9% identical to Tn3 (GenBank/EMBL accession number AY214164), which is the second most widely distributed bla TEM -harbouring transposon among Enterobacteriaceae.
14 It was inserted within the repC-excA intergenic region of pFOX-7a, bracketed by 5 bp (5 ′ -ATAAC) direct repeats (DR), and its presence apparently accounted for the failure in typing pFOX-7a as an IncL/M plasmid by PBRT. In fact, using modified PCR conditions (elongation time increased to 5 min), it was possible to obtain a 5.7 kb amplification product with the L/M FW and L/M RV primers, 4 which entailed the Tn3-like insertion. The insertion of the Tn3-like element in this site could also affect the incompatibility behaviour of the plasmid and it would be interesting to further investigate this issue in future work.
The Tn6234 transposon (29 018 bp) was inserted into the tir gene, similarly to the resistance module of pOXA-48a, 9 albeit at a different position. This finding confirmed the role of the tir gene as a hotspot for integration of mobile genetic elements within the IncL/ M backbone. Since the tir gene encodes a negative regulator of the plasmid transfer system, its insertional inactivation is consistent with the high conjugative transfer frequencies observed with pFOX-7a, as already reported for plasmid pOXA-48a. 
Structure of Tn6234 and of the putative bla FOX-7 -mobilizing transposon, Tn6240
Tn6234 is a Tn1696 derivative in which part of the mercury resistance module (merEDA) has been replaced by that of Tn21 and the In4 integron platform by an In0-like platform carrying an aacA4 gene cassette (Figure 1b) . The absence of DRs flanking the IRi and IRt of the integron platform suggested that a recombination event, occurring between a Tn1696-like ancestor and a Tn21-like transposon, was likely responsible for the generation of this hybrid structure, and sequence comparisons suggested that a double crossover had occurred within the merA gene and the attI site of the integron, respectively (Figure 2 ). Mosaic elements apparently derived from homologous recombination between 
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Tn1696-like and Tn21-like transposons have also been observed in various IncA/C plasmids (GenBank/EMBL accession numbers GQ293500.1 and JQ010984), 17, 18 suggesting that similar rearrangements can provide a significant contribution to the diversity of plasmid resistance regions. Interestingly, the hybrid merEDACPTR operon of Tn6234 was functional, as indicated by the higher HgCl 2 MIC exhibited by E. coli MKD-135(pFOX-7a) in comparison with that for MKD-135 (32 versus 1 mg/L). This result was consistent with previous findings obtained with an artificial hybrid mer operon.
19
Tn6234 differs from Tn1696 also by the presence of an IS5075 inserted within the IR tnp of the element (Figure 1b) . The IS5075 insertion was at exactly the same position and in the same orientation as in other Tn1696 derivatives (GenBank/EMBL accession numbers AJ704863.3, JN983043.1, JN687470.1 and HQ023862.1). 20 Downstream of the attC site of the aacA4 cassette of the integron platform of Tn6234 there was a 9573 bp putative transposon of unusual structure, which carried the bla FOX-7 gene and was apparently responsible for its mobilization (Figure 1b) . This element, named Tn6240, was defined by the presence of 10 bp DR Figure 1 . Direct repeats (DR) flanking the In0-and the In4-harbouring elements are indicated by black squares and white dots, respectively, and their sequences (5 ′ -3 ′ ) are also reported. The crossover landmarks are indicated by the differences within the attI sites and within the merA genes, as reported below the Tn6234 structure.
Conjugative plasmid encoding FOX-7 b-lactamase 2623 JAC (5 ′ -AATAAGCCCT) at its boundaries and contained: (i) the bla FOX-7 gene flanked by other genes exhibiting strong nucleotide sequence identities (85% -93%) with regions of sequenced Aeromonas veronii and Aeromonas salmonicida genomes; and (ii) a region containing transposable elements or remnants thereof, which could have played a role in the capture and mobilization of the bla FOX-7 -containing locus from an Aeromonas genome.
Conclusions
To the best of our knowledge, this represents the first complete characterization of a conjugative plasmid encoding a FOX-type b-lactamase and of the genetic context surrounding a mobilized bla FOX -type gene. Our findings further underscore the importance of IncL/M plasmids in the dissemination of clinically relevant resistance genes. In fact, the pFOX-7a plasmid, first detected in the NICU ward in 2003, was apparently capable of persisting in the same setting for ≥7 years and spreading among strains of different species, including clones of K. pneumoniae of ST26 and ST14, which were eventually responsible for a large long-lasting outbreak. 3 
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